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Abstract. In this proceeding we shall explore the potential of a future e− p collider
to probe the CP-even scalars in a two Higgs doublet model. We consider Type-I in
this study. The mass of the lighter scalar particle is considered to be the Higgs-boson,
mh = 125 GeV, and a heavy scalar mH = 270 GeV. The centre of mass energy for the
e− p collision is considered as in the Large Hadron Electron Collider and the Future
Circular Hadron Electron Collider configurations, by fixing the proton beam energy to
be Ep = 7 and 50 TeV, respectively, and an electron beam energy of Ee = 60 GeV.
Production cross sections of these scalars are also shown at higher electron beam
energies. Future prospects of these studies are also discussed.
1. Introduction
After the discovery and confirmation of the Standard Model (SM) Higgs boson (h) at
the Large Hadron Collider (LHC) [1, 2], it is pragmatic to expect hints of any beyond
the SM (BSM) particle spectrum by using the present energies in the high luminosity
runs. The hints of BSM physics in current and coming data sets from the LHC can be
seen in distortions of differential distributions of kinematics of the Higgs boson or any
other excesses in data by considering different final states, as noted in Refs. [3, 4, 5].
In these references the authors considered the two-Higgs doublet model (THDM) as a
next step in searches of BSM heavy scalars, with a possible spectrum and parameter
space at the LHC. In this proceeding we will focus on CP-even scalars h and H of the
THDM, and study the possibilities of these scalars at future e− p colliders, such as the
Large Hadron electron Collider (LHeC) and the future circular hadron electron collider
(FCC-he).
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2In Section 2 we briefly discuss the THDM, after which we provide a preliminary
study on cross section measurements of h and H at the LHeC and FCC-he energies.
Future detailed prospects for these studies are pointed out in Section 4.
2. Two-Higgs doublet model
It is well known that in the SM SU(2)L⊗U(1)Y electroweak theory that the Higgs sector
consists of only one complex Higgs doublet, and hence only one physical neutral Higgs
scalar boson h (where its mass is a free parameter and not fixed by theory). Recall
that Run-I and Run-II data at the LHC confirms its mass, mh ≈ 125 GeV [1, 2]. If we
consider two complex SU(2)L doublet scalar fields Φ1 and Φ2, the Lagrangian for the
scalar sector of a THDM can be written as
LΦ1,2 = (DµΦ1)†(DµΦ1) + (DµΦ2)†(DµΦ2)− V (Φ1,Φ2), (1)
where the covariant derivative in standard notation is given as Dµ = ∂µ + igτ
i/2 ·
W iµ + ig
′/2Y Bµ, and the most general renormalisable scalar potential V (Φ1,Φ2) may be
written as:
V (Φ1,Φ2) = m
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After spontaneous breaking of the electroweak symmetry, five physical Higgs particles
are left in the spectrum; one charged Higgs pair, H±, one CP-odd scalar, A, and two
CP-even states, H (heaviest) and h (lightest) given as:
H± = sin β φ±1 + cos β φ
±
2 , (3)
A = sin β Imφ01 + cos β Imφ
0
2, (4)
H = cosα
(
Re(φ01)− v1
)
+ sinα
(
Re(φ02)− v2
)
, (5)
h = − sinα
(
Re(φ01)− v1
)
+ cosα
(
Re(φ02)− v2
)
. (6)
Here φ+i and φ
0
i denote the T3 = 1/2 and T3 = −1/2 components of the ith doublet
for i = 1, 2. The angle α diagonalises the CP-even Higgs squared-mass matrix and β
diagonalises both the CP-odd and charged Higgs sectors with tan β = v2/v1, where
〈φ0i 〉 = vi for i = 1, 2 and v21 + v22 ≈ (246 GeV)2. This is a brief summary of
how THDMs are constructed. Furthermore, based on different choices of symmetries,
couplings to quarks and leptons etc., different models can be built. Models which lead
to natural flavour conservation can be named as Type-I, Type-II, Lepton-specific or
Flipped 2HDMs, as detailed in Ref.[6].
3Table 1. Models which lead to natural flavour conservation. The superscript i is a
generation index.
Models Type I Type II (Leptonic-specific) (Flipped)
uiR Φ2 Φ2 Φ2 Φ2
diR Φ2 Φ1 Φ2 Φ1
eiR Φ2 Φ1 Φ1 Φ2
2.1. Yukawa interaction model types
One of the problems we have in the THDM is that we can’t diagonalise the mass
matrices simultaneously, and this generally cause us to have flavour changing neutral
current (FCNCs) at tree level. This means that the Yukawa couplings will not be
flavour diagonal. The transformation from a general to a flavour-conserving THDM
can be achieved by imposing a discrete symmetry. This follows from the observation
that FCNCs vanish at tree level. This results in the THDM having four different model
types and can be summarised as in Table 1. We can write the Yukawa Lagrangian that
conserves the FCNCs as follows [6]:
LY = Q¯L,i(Y iju,1Φ˜1 + Y iju,2Φ2)uR,j + Q¯L,i(Y ijd,1Φ1 + Y iju,2Φ˜2)dR,j
+L¯L,i(Y
ij
l,1Φ1 + Y
ij
l,2Φ2)lR,j + h.c., (7)
with Φ˜i = −i[Φ†iτ2]T , i = 1, 2 and Y iju,1 being the 3× 3 Yukawa matrices. After this brief
introduction of THDM, we next present the production cross sections of h and H at the
expected energies of future LHeC and FCC-he colliders.
3. Production of h and H at the LHeC and FCC-he
There are various proposals to build new, powerful, high energy e+e−, e−p and pp
colliders in the future, where in this proceedings we take an opportunity to probe CP-
even scalar Higgs bosons of THDM in e− p colliders. For our studies we consider
the LHeC and FCC-he configurations, where depending on electron beam energies
Ee = 60−120 GeV and the proton beam energy is Ep = 7 and 50 TeV respectively. The
available centre of mass energies for the LHeC (FCC-he) varies from
√
s = 2
√
EeEp ≈
1.3−1.8(3.5−5.0) TeV. For more details we refer to Refs. [7, 8] and more recent updates
can be found on the official website [9]. In short these types of colliders
(i) provide a clean environment with suppressed backgrounds from the strong
interaction processes, and free from pile-up, multiple interactions etc.,
(ii) have asymmetric initial states, where backward and forward scattering can be
disentangled and
(iii) are known for precision measurements of the dynamical properties of the proton.
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Figure 1. Production modes of h and H through charged-current (left) and
neutral current (right) in e−p colliders in vector-boson fusion modes. Here q, q′ =
u, d, c, s, b, u¯, d¯, c¯, s¯, b¯.
Studies on Higgs-physics in these configurations can be found in Refs. [10, 11, 12, 13]. It
is also important to mention that the THDM has been explored in future e+e− machines
which can be found in the International Linear Collider Higgs white paper [14] and
references there-in. In e− p configurations, h and H can be produced in two ways as
shown in Figure 1 (here we only show the vector boson fusion diagrams):
(a) Charged-current (CC): p e− → jνeh/H and
(b) Neutral-current (NC): p e− → je−h/H,
where j = u, d, c, s, b, u¯, d¯, c¯, s¯, b¯. For our studies we use the model files for THDM
available in the SARAH-4.9.3 [15] package, and simulate the events using the Monte
Carlo event generator package MadGraph5-2.4.3. [16], where we edit the default
parameters generated through SPheno-3.3.8 [17, 18] for our purpose. Before that
we also verified the branchings of h and H to all possible decay modes using the
HDECAY-5.10 [19] package. For these calculations we used the NN23LO1 PDF set.
As a preliminary study we consider CP conserving THDM of Type-I, where the
default parameters generated through SPheno are only real, and mixings are diagonal.
In Figure 2 we have shown the total production cross sections of h and H with
respect to electron beam energies by fixing proton beam energies as LHeC and FCC-he
recommendations (i.e. 7 and 50 TeV respectively in CC and NC processes where −80%
electron polarisation is considered). The parameters are:‡
(a) mh = 125 GeV, mH = 270 GeV, mA = 450 GeV, mH± = 400 GeV (as recommended
in Refs. [3, 4, 5]),
(b) tan β = 1.0, α = −0.53 and
(c) λ1 = 0.1, λ2 = 0.27, λ3 = 1.1, λ4 = −0.5, λ5 = 0.5.
‡ As mentioned in the introduction, the choice of mH = 270 GeV is essential here. In Refs. [3, 4, 5]
the authors investigated a number of final states with the 7 and 8 TeV data at ATLAS and CMS.
This included the Higgs boson transverse momentum, the limits on the production of di-Higgs bosons,
the invariant mass of V V (V = Z,W±) and the results of the search for associated top-Higgs (tth)
production. Features in the data could be explained by a hypothetical scalar-boson of mass around
270 GeV.
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Figure 2. Production cross sections of h and H in charged and neutral current THDM
Type-I with respect to electron beam energies Ee for fixed proton beam energy of
Ep = 7 TeV (left) and Ep = 50 TeV (right). The default model parameters are as
explained in the text with tanβ = 1.0 and e− polarisation is taken as −80%.
Here it is important to mention that the hV V (V = W±, Z) couplings in the THDM
is dependent on the choice of the mixing angles α and β. For example, couplings
for hW+W−, hZZ depend on sin(β − α), while in the case of HW+W−, HZZ, it is
proportional to cos(β − α) etc. Note that in the SM there is no such mixing angle
dependence on such couplings. In our choice of parameters cos(β − α) = ±0.25
and sin(β − α) = 0.97, which can further be modified and scanned according to the
constraints from the ATLAS and CMS analyses at the LHC. Here we chose these values
so as to not evade the cross section limits as given in 13 TeV data from ATLAS [20],
where a search for new heavy scalar bosons into the four-lepton final state is performed
by exploring the mass range [200-1000] GeV. In Table 2 we estimate the branching ratio
(BR) of h,H,A and H± using the HDECAY-5.10 package with these parameter choices.
The dominant BRs are shown in bold and suggest the possibility for appropriate final
states to look for signal to background estimations.
Interestingly one of the important expectations from the LHeC/FCC-he is that we
should be able to measure couplings of H with a very good signal to background ratio
when compared with pp collisions. In our ongoing work we estimate the appropriate
signal to background ratio of H production in CC and NC processes, so that we can
have an idea for the level of the BR that can be accessible in these types of machines
(which are highly dependent on the THDM parameters). For instance, from Figure 1
for Ee = 60 GeV the CC (NC), H production is about 2.2 fb (0.38 fb), which will give
us about 2000 (380) H produced for 1 ab−1 integrated luminosity at the LHeC. Here it
is important to mention that in Ref. [10] the SM Higgs-boson BR to the bb¯ mode has
been studied, and tagging the forward jet assures this decay mode has a significantly
reduced background which improves the purity of the signal. Therefore, estimations of
the BRs (shown in Table 2) suggest H → hh → bb¯bb¯ as the dominant mode (which
would be a signal rate of ∼ 55% of the total production cross section of H, where the
rate of one of the dominant background bb¯bb¯j in the CC (NC) at the LHeC would be
6Table 2. Branching ratio of h,H,A and H± by considering the parameter choices as:
mh = 125 GeV, mH = 270 GeV, mA = 450 GeV and mH± = 400 GeV, tanβ = 1,
α = −0.53, λ1 = 0.1, λ2 = 0.27, λ3 = 1.1, λ4 = −0.5 and λ5 = 0.5 for THDM Type-I.
(Dominant BRs are shown in bold)
Modes h Modes H Modes A Modes H±
bb¯ 6.5× 10−1 bb¯ 6.8× 10−4 bb¯ 2.7× 10−4 bc 5.9× 10−7
τ+τ− 7.0× 10−2 τ+τ− 8.5× 10−5 τ+τ− 3.8× 10−5 τν 4.6× 10−5
µ+µ− 2.5× 10−4 µ+µ− 3.0× 10−7 µ+µ− 1.3× 10−7 µν 1.6× 10−7
ss¯ 2.5× 10−4 ss¯ 2.6× 10−7 ss¯ 9.6× 10−8 su 6.2× 10−9
cc¯ 3.2× 10−2 cc¯ 3.3× 10−5 cc¯ 1.4× 10−5 cs 1.5× 10−5
tt¯ 0.0× 10−0 tt¯ 8.5× 10−7 tt¯ 7.6× 10−1 tb 8.7× 10−1
gg 8.5× 10−2 gg 5.5× 10−4 gg 3.1× 10−3 cd 8.2× 10−7
γγ 1.4× 10−3 γγ 6.7× 10−6 γγ 9.4× 10−6 bu 4.1× 10−9
Zγ 1.0× 10−3 Zγ 1.1× 10−5 Zγ 2.4× 10−6 ts 1.4× 10−3
W+W− 1.4× 10−1 W+W− 7.1× 10−2 Zh 5.1× 10−2 td 6.5× 10−5
ZZ 1.8× 10−2 ZZ 3.1× 10−2 ZH 1.84× 10−1 hW± 4.6× 10−2
hh 9.0× 10−1 W+H− 3.6× 10−5 HW± 8.3× 10−2
∼ 2.0 fb (22 fb) while for the FCC-he the cross section is around 3 (7.5) times higher
for Ee = 60 GeV), while H → hh→ W+W− are subdominant signal modes. Hence the
sensitivity of the Hhh,HW+W− and HZZ couplings in this mode can be measured at
the LHeC/FCC-he, as discussed in Ref. [12].
4. Summary and future work
In this proceedings we have provided a preliminary study of the cross section
measurements of h and H using energies from the LHeC and FCC-he configurations.
For Ee = 60 GeV and Ep = 7(50) TeV the chosen parameters give substantial signal
rates for H production in CC and NC modes (with mH = 270), σ
CC
H ∼ 2.2(11.3) fb and
σNCH ∼ 0.38(3) fb respectively. While for h production these rates are σCCh ∼ 150(450) fb
and σNCh ∼ 28(124) fb. Here we considered e− polarisation of −80% which enhances
the un-polarised signal cross sections (and also backgrounds) by 1.8 times. We also
gave estimations of the BRs for various decay modes of h,H,A and H±, based on
our parameter choice, and discussed its implications. For these parameter choice we
discussed dominant final state such as, H → hh→ bb¯bb¯ and thus at the LHeC/FCC-he
one can estimate the sensitivity of Hhh couplings including the HW+W− and HZZ.
There are various analyses which remain for our future studies, some of these are:
(1) A full analysis of the kinematics of the final states using decay modes of h and
7H with appropriate backgrounds and an estimation of the accuracy of the BRs in
different final states, say, bb¯, τ+τ− etc.
(2) A study of the dependence of the parameter space on different observables. It is
important to mention here that the choice of parameter space must be consistent
with all current Higgs constraints by using HiggsSignal and HiggsBounds [21].
Though the single parameter choice we took for our studies are also consistent with
these constraints.
(3) An exploration of the other scalars of the THDMs, such as the CP-odd A and the
charged H± should be added for future studies. Note that few studies for light H±
production and decay in e−p environment can be found in Refs. [22, 23].
(4) A consistency check with the constrained parameter space of the THDMs through
various studies available at the LHC and e+e− colliders.
(5) Studies related to the FCNCs, which are also very important.
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